Herein, we report a method for structural characterization as well as TE properties measurements of individual single-crystalline Lead telluride (PbTe) NWs by employing a new microchip design. In this work, the single PbTe NW was characterized in four different types of measurement: structural characterization, Seebeck coefficient S, electrical conductivity σ, and thermal conductivity κ. The structural characterization by transmission electron microscope (TEM) revealed that the PbTe NWs were high-quality single crystals with a growth along the . Furthermore, it was observed that the κ value is size-dependent compared to previous reported, which indicates that thermal transport through the individual PbTe NWs is limited by boundary scattering of both electrons and phonons. The results show that this new technique measurement provided a reliable ZT value of individual NW yielded high accuracy for size-dependent studies.
Introduction
Recently, nano-engineered thermoelectric (TE) materials used for converting waste heat into electricity have become an interesting research topic. TE energy converters are devices that can harvest renewable energy for power generation and thermal sensing application [1] [2] [3] . The efficiency of TE materials is evaluated based on the dimensionless figure of merit ZT, which is written as S 2 σT/(κ e + κ l ), where S, σ, κ e , and κ l denotes the thermal power or Seebeck coefficient, the electrical conductivity, the electronic thermal conductivity, and the lattice thermal conductivity, respectively. The quantity of S 2 σ is defined as the power factor (PF).
Theoretically, a reduction in dimensionality from three dimensions to one dimension yields a dramatically increased electronic density of states (DOS) at the energy band edges and a decreased thermal conductivity. As a result, the thermoelectric PF and assuredly ZT value enhances [4, 5] . Numerous studies have reported that the enhancement of ZT value in nanomaterials is the result of quantum confinement effects and increased surface phonon scattering [3, 6, 7] .
Due to the nanometer scale effect, it is believed that in NWs comprising TE materials, such as PbTe, the value of S is higher than its bulk counterpart [8, 9] . According to the certain carrierscattering assumptions, the enhancement of S value occurs because of the sharp increase in the local DOS around the Fermi level, which also can be interpreted as an increased local DOS effective mass (m d *). However, with the overall benefit of such an improvement in S, nanosize will cause a declining in carrier mobility (μ) and thus affect to the decreasing the ZT value. This is occurs because the increased local DOS usually leads to a heavier transport-effective mass of carriers. In the most well-known high-temperature TE, the carriers are predominantly scattered by phonons. [10] Increasing the S is an obvious goal for obtaining a high efficiency TE materials. Nevertheless, other changes in transport properties often sacrifice the σ correlated with an increase in the S and thus do not ultimately lead to an improvement in ZT.
In order to unveil the size effect on the intrinsic physical properties of TE materials, the measurement of nanowire without interference from either the matrix or external contacts is imperative. Furthermore, the TE properties measurement as well as structural characterization on single nanowire is also crucial in terms of the accuracy and reliability of the resulting ZT value. The low accuracy may occur because every single nanowire, although in the same batch synthesis process, may have a different structure or TE properties. However, measuring all properties on single nanowire is still challenging due to the unavailability of NW microchip which is compatible for all type measurements.
In this chapter, the synthesis and structural characterization of PbTe NWs as well as the preparation of newly design NW's microchip to resolve the above mentioned problem will be described in the first section. For synthesizing the NW, an alternative free-catalyst technique, the stress-induced growth method will be introduced. In the second section, we will discuss about their TE properties (S, σ, and κ).
Type of TE NW used in this chapter was single-crystalline PbTe NW. PbTe is a semiconductor with an energy band gap of 0.31 eV at 300 K [11] [12] [13] [14] . In recent years, it has been found that PbTe is one of the superior TE materials in the temperature range of 400-900 K. This material has a large Seebeck coefficient, a very low κ l (2.2 W m
at 300 K) [15] and a good electrical conductivity when appropriately chemical doped [16] . The synthesis of low-dimensional PbTe NWs has been Impact of Thermal Conductivity on Energy Technologies 150 intensively explored in the past decades [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Besides that, there have also been some studies on the TE properties of PbTe-based nanostructures such as PbTe/PbSeTe quantum dot superlattice [28] and PbTe NWs [20] with room temperature ZT value 0.75 and 0.0054, respectively.
Synthesis and structural characterization of PbTe NWs

Synthesis of PbTe NWs
In this work, the synthesis of single-crystalline PbTe NWs via a stress-induced method is described elsewhere [27] , in a way similar to the on-film formation (ON-OFF) growth of other semiconductor NWs. [29] Briefly, the PbTe was made by mixing elemental Pb (Alfa Aesar, −200 mesh, 99.9%) and Te (Alfa Aesar, −325 mesh, 99.999%) inside a carbon-coated silica tube. After that, the resulting mixtures inside the tube was vacuumed up to 10 −6 Torr, sealed, and slowly heated to 1000°C over a period of 12 hours. On the top of the heating process, the temperature was held for 4 hours, and then cooled down to room temperature. The resulted ingot was then cut by a diamond saw into a disc shape with a diameter of 10 mm. Before fabricating the PbTe films, the disc target and substrates were both ultrasonically cleaned in acetone, isopropanol, and then rinsed with deionized water. The PbTe films were prepared by depositing the synthesized PbTe ingot on single-crystal SiO 2 /Si (100) substrates in a pulsed laser deposition (PLD) system (LPX Pro 210). The base pressure of the vacuum system was 5.0×10 −7 Torr. The excimer laser was applied for 15 min at room temperature with energy and frequency of 140 mJ and 10 Hz, respectively. The substrate rotation speed was approximately 10 rpm. With the all mentioned set up, the total thickness of the PbTe films was about 20 nm. To synthesis PbTe NWs, the PbTe films were sealed in a vacuumed quartz tube below 5×10 −6 Torr, annealed at 450°C for 5 days, and then cooled slowly to room temperature. During the annealing process, the NWs grew from the film to release the compressive stress caused by the difference in thermal expansion coefficients between the PbTe film (19.8×10 −6 /°C) and the SiO 2 /Si substrate (0.5×10
/°C).
Microchip preparation
As mentioned above, the challenge in working with TE NW was the measurement of thermoelectric properties as well as structural analysis on specific single-crystalline nanowire, to get a high accuracy of ZT value. Here, in order to solve that problem, a novel design of microchip was discussed. The preparation processes of the measurement platform are shown in Figure 1 . First, the silicon (Si) wafer with Si 3 N 4 layer (Figure 1a) on both sides was covered with the photoresist by using spin coating method (Figure 1b) , followed by standard photolithography processes. After that the exposure soluble photoresist can be developed by the developer. The Si wafer was then put into the reactive ion etching system (RIE, Model: ANELA DEM-451T) for dry etching.
The unprotected Si 3 N 4 will be etched by the reactive ion. Then, the wafer is immersed into potassium hydroxide (KOH) solution for wet etching. The silicon which is exposed to KOH will be etched and leaving a thin Si 3 N 4 membrane for further processes.
The standard photolithography processes were used to define the contact pads of the measurement platform. As shown in Figure 2 , first, Si wafer with Si 3 N 4 membrane is covered with photoresist material by spin coating, followed by exposure, evaporation, and lift-off process.
The developed primary measurement platform is then ready to be used.
The flow chart of the suspending process of a nanowire on the measurement platform (microchip) was shown in Figure 3 . Resistance temperature detectors (RTDs) and current leads were fabricated on the primary measurement platform by electron beam lithography [E-Beam Writer System, Model: Elionix ELS-7000 (100 keV)]. The Si 3 N 4 membrane was removed by inductively coupled plasma etching system (ICP, Model: Elionix EIS-700) to open the window. After that, the single nanowire from the PbTe thin film was picked up by a tungsten needle (dw = 100 nm) under a binocular optical microscope and placed across on two RTDs of a Si 3 N 4 microchip, where both ends of the nanowire attached to the current leads. In order to improve thermal and electrical contacts between the nanowire and the contact pads, the contacts of the nanowire on thermometers and current leads were covered with a thin layer of Platinum (Pt) using a focused ion beam (FIB) [DBFIB-SEM, FEI NOVA-600].
To examine how good the prepared contact, the contact resistance of all four points (point 1, 2, 3, and 4) as depicted in Figure 4 were measured. First, the known direct current (DC) was applied between contacts 1 and 4 (4 probes) and then the voltage drop across contact 2 and 3 (2 probes, see Figure 4 ) was measured. The total resistance of two-point probe configuration is expressed as R 2point = R lead + 2R contact + R nw . Wherein, R 2point , R lead , R contact , and 
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R nw represents resistance between point 2 and 3, resistance of Cr/Au electrodes, resistance of contacted NW to electrode, and NW resistance, respectively. The resistance of R 2point and R nw were measured by two and four-point probes. Whilst, in order to obtain the contact resistance as R cont = (R 2point -R nw )/2, R lead (~10 Ω) was neglected. The measurement result of R 2point was about 6-7% from R nw value. Since the power dissipation at the contacts is much smaller than the minimum power for 3ω signal, the resultant contact resistance supposedly does not affect the third harmonic signal. Furthermore, the contact metal pads act as large thermal reservoirs where the temperature is kept constant at the initial temperature during the experiment.
In addition, the prepared nanowire exhibited a linear current-voltage (I-V) curve wherein indicated the Ohmic contact response; the current range within 0 to 100 µA indicating the resistivity of NW follows the Ohm's law. An Ohmic contact is an electrical junction between two conductors which has a linear current-voltage (I-V) curve following the Ohm's law. Low resistance Ohmic contacts are applied to facilitate the flow of charge in both directions between the two conductors, without blocking from the excess power dissipation due to voltage thresholds. The contact quality has a contribution to both an electrical and a thermal effect, such as, if the electrical contact resistance is too high, the third harmonics measurement will be influenced by the heat dissipation occurred at the contacts due to Joule heating. Furthermore, incorrect selection of a working frequency will develop an error experiment results. Therefore, the AC impedance measurements with no electrical artifacts involved were utilized to choose a correct working frequency. by acetone, and (g) measurement platform is ready to be used.
Structural and Thermoelectric Properties
Characterization of Individual Single-Crystalline… http://dx.doi.org/10.5772/intechopen.76635
Structural characterization of PbTe NWs
The size and crystalline structure of PbTe NWs were characterized by scanning electron microscope (SEM) and transmission electron microscope (TEM). The SEM image of grew PbTe NWs on the substrate (Figure 5a ) reveals that the length and the diameter of NWs were ranging from 5 to 70 µm and 50 to 300 nm, respectively. The NWs with length about 70 µm was picked up, placed, and contacted on the microchip as shown in Figure 5b . The prepared contacts have a 
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resistance about 425-430 Ω, wherein showed nearly Ohmic contacts. The microchip consisting of PbTe NW displayed in Figure 5b was used for complete structural analysis and TE properties measurements. The representative TEM image showed that the employed PbTe NWs has a diameter of 75 nm (Figure 5c ) and this size was further convinced by the scanning transmission electron microscope (STEM) result (Figure 6a) . In addition, the TEM image and a corresponding selected-area electron diffraction (SAED) pattern (inset of the top left of Figure 5c ) revealed Figure 6 ), respectively. In addition, the EDS data also revealed that the atomic ratio of Pb/Te ≈ 1.18, with no impurities. As a result, the stoichiometric composition of the individual NW was Pb 1.08 Te 0.92 .
Thermoelectric properties
As mentioned before that the microchip with a rectangular window which shown in Figure  5b was employed to measure the TE properties of NW, i.e. electrical resistivity (ρ) and Seebeck coefficient (S). In this experiment, the PbTe NW was placed across two resistance thermometers, hot side thermometer Th (a gold wire parallel line to the heater between contact electrodes 7 and 8 which is marked as red arrows in Figure 5b ) and cold side thermometer Tc (a gold wire between the contact electrode 9 and 10, Figure 5b ) with both ends of the NW attach to the current leads (electrode 1 and 2, Figure 5b) . To measure the V1ω and V3ω signal, electrodes 3 and 4 (voltage leads) were connected to lock-in amplifier. The thermal conduction 
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from NW to the microchip substrate that affects the S and ρ measurement was assured zero.
Furthermore, in order to eliminate convectional heat loss, all measurements were carried out in a high vacuum of at least lower than 2×10 −6 Torr. Ω m) [14] . This is probably due to the surface scattering of charge carriers [30] .
For the Seebeck effect measurement, the characterization was based on the voltage and temperature difference generated between electrodes 3 and 4 (Figure 5b) . To generate the temperature gradient between those two electrodes, the heater with frequency 1ω and magnitude equals to I•Sin(ωt) was applied at one end of the NW. In this experiment, the sample was employed as the sensor of the thermometer as well, thus, temperature coefficient of electrical resistance of them are needed to be calibrated at first. By applying a DC current to the sensor and measuring the change of the voltage difference at frequency 2ω between the two ends of the sensor, the resistance change of the sensor would be known. After obtaining the temperature coefficient of electrical resistance, the temperature gradient created between two ends of the NW would be gained, because the observed heat is proportional to the square of the current multiplied by the electrical resistance of the NW, Q ∝ I , it means that the frequency of 2ω was applied to heat the heater. As the heater is heated at frequency 2ω, the sample temperature and sensor resistance would fluctuated at frequency 2ω as well. By knowing the temperature gradient and also measuring the thermoelectric voltage of two ends of the sample, S can be calculated by implementing the formula: S = (△V) / (△T).
The experiment results of Seebeck effect of a 75-nm PbTe NW shown in Figure 7b revealed that the S value was temperature dependence. The S value increased with increasing the temperature. In addition, as depicted in Figure 7b that the S of PbTe NWs at various temperature measurements has a negative sign which indicated for n-type semiconductor material. Those negative sign appears because their electrons have a much higher µ than holes and dominate the electronic transport properties [31, 32] . At temperature of 300 K, the S value for the 75-nm NW was −54.76 µV K −1 , which is about 69% lower compare to the bulk counterpart [14] . This result may due to the consequences of structural imperfections, such as antisite defects inside PbTe NW (i.e., the creation of one vacancy at the tellurium site) [14, 33] .
Theoretically, for almost all materials, the trend of ρ was closely correlated with the S. It was consistent with our experimental resultts (Figure 7a and b) which showed that the smaller ρ had a higher S value. Conversely, due to s = 1/ρ, thus s value increases when S is increased. The PF (S Comparing the S value as a function of carrier density of various PbTe bulk obtained by Harman et al., Figure 8 show that the S was closely correlated with the carrier concentration (n), Our results was consistent with the other previous experiments [14, 34] in which a smaller n had a higher S value. [27, 34] .
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The thermal conductivity of the 75 nm PbTe nanowire was measured by the self-heating 3ω method [35] in the temperature range of 300-350 K. In the experiment, the V 3ω as a function of frequency will be attained. As shown in Figure 9a , the V 3ω was dependent on the frequency. The V 3ω reduce significantly by increasing the frequency, however, the reduction become slightly at a frequency above 10 Hz. The relation between thermal conductivity, V 3ω and frequency is described in the Eq. (1).
which simplified as:
where I and ω denote the amplitude and frequency of the alternating current applied on nanowire, R and R' are the resistance and derivative of resistance at corresponding temperature, κ is the thermal conductivity, S is the cross section, and γ is the characteristic thermal time constant. By substituting all acquired data from self-heating 3ω experiment to Eq. (1), the thermal conductivity, κ of a 75 nm PbTe NW at range temperature of 300-350 K were 0.96-0.72 Wm , which is approximately 58% lower than the typical reported value of κ = 2.3 W m −1 K −1 for bulk PbTe. This decline mainly due to the carrier concentration difference or size effect. [36] For the purpose of calculating the κ l value, the electron thermal conductivity κ e need to be determined. The κ e value is calculated by using Eq. [28] .
The lattice thermal conductivity has a lower limit wherein the phonon mean free path becomes comparable to the lattice spacing of the atoms [37] . Alternatively, the lattice thermal conductivity of a material can be determined by using Eq. (4), where C, ν, andι represent the heat capacity per unit volume, the speed of sound in the material, and the mean free path of the phonons, respectively. By applying the atom spacing of PbTe as the minimum ι and substituting the values of the ν and C to Eq. (4), the κ l of PbTe is around 0.2 W m
. Repeating this calculation for a variety of compounds, the lowest possible value of κ l are in the range of [38] .
As the size of the nanowire approaches the ι (the median phonon free path in PbTe is about 42 nm) [39] , the κ value will drop due to the increased phonon scattering. According to the reported κ of individual PbTe NW with various diameters (d = 182, 277, and 436 nm) [19] including our recent work (d = 75 nm) which were plotted in Figure 11b , the κ value decreases gradually as its diameter shrinks. The enhanced phonon boundary scattering has a considerable effect in reducing the κ value of NW. Hence, it is suggested to have an effect on suppressing the phonon transport through the NWs as well [40, 41] . Theoretically, those phenomena would cause the ZT value of NW higher than the bulk counterpart, provided that the electronic properties were not degraded by the nanostructure. However, based upon all the above measurement results, i. Figure 12 ) and it is still much lower than the ZT of PbTe bulk which is approximately ∼ 0.25 at 300 K and maximal ~ 0.8 at 700 K [42] . 
Conclusions
In summary, we have demonstrated a new technique for structural characterization and TE properties measurement of individual single-crystalline PbTe NW by using a novel design of microchip. In this work, the single PbTe NW grown by the stress-induced method was employed for four different type of characterization simultaneously: structural characterization, Seebeck coefficient, electrical conductivity, and thermal conductiv- at 300-350 K range. This technique provided high accuracy and reliable ZT value of individual single-crystalline TE NW. Thus, the sizedependent study of TE properties is very feasible. In this study, the κ value in growth [100] direction PbTe NW is size-dependent, wherein indicates that thermal transport through the individual PbTe nanowires is limited by boundary scattering of both electrons and phonons.
